We consider gene trees in three species for which the species tree is known. We show that population subdivision in ancestral species can lead to asymmetry in the frequencies of the two gene trees not concordant with the species tree and, if subdivision is extreme, cause the one of the non-concordant gene trees to be more probable than the concordant gene tree. Although published data for the human-chimp-gorilla clade and for 3 species of Drosophila show asymmetry consistent with our model, sequencing error could also account for observed patterns. We show that substantial levels of persistent ancestral subdivision are needed to account for the observed levels of asymmetry found in these two studies.
Introduction
The gene genealogies of neutral loci in closely related species are not necessarily concordant in topology with the species tree (Hudson 1983; Tajima 1983) . With three species, there are three possible rooted gene trees. One is the tree concordant with the species tree and the other two are non-concordant. If the effective size of the population represented by the internal branch is N, the length of that branch is t generations, and the common ancestral species was randomly mating, then the probability that the gene tree is concordant with the species tree is 
1" 2e
"t /(2N ) /3; the probability that the gene tree has either of the non-concordant topologies is ! e t /(2N ) /3 (Hudson 1983; Tajima 1983) . The probabilities of the two non-concordant trees are the same because non-concordance results from coalescent events in the common ancestor of all three species, and the two events that lead to non-concordant trees have equal probabilities if that ancestor was randomly mating.
In this note, we introduce a simple model of population subdivision in ancestral species that can result in one of the non-concordant trees being more probable than the other and possibly more probable than the concordant tree. Our analysis differs from that of Wall (2000) in focusing on subdivision in species ancestral to two or more extant species. It also differs from the theory developed by Degnan and Rosenberg (2006) , who showed that, under some circumstances, the most probable gene tree can be discordant with the species tree when there are four or more species. Degnan and Rosenberg assumed random mating in all species, which results in equal probabilities of nonconcordant gene trees in any three-species clade.
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If the two non-concordant gene trees are unequally supported, there must be some deviation from a model that assumes random mating in all ancestral species, unless the pattern is caused by sequencing error. There are at least two data sets that show different levels of support for the two non-concordant trees. One is in the human-chimp-gorilla clade. The species tree is the one in which humans and chimpanzees are sister groups and the gorilla is the outgroup (the HC tree). The other two possibilities are the HG tree (human and gorilla as sister groups) and the CG tree (chimp and gorilla as sister groups). 
Analytic Theory
We assume that one chromosome is sampled from each of three species, as shown in Figure 1 . The three terminal lineages, denoted S 1 , S 2 and S 3 , represent the three species from which samples are drawn at the present (t=0). These lineages have been completely isolated since time t 3 in the past. Between t 3 and t 2 , S 4 (the species ancestral to S 1 and S 2 )
is comprised of two subpopulations, denoted by S 4,1 and S 4,2 , each of effective size N, between which there is symmetric gene flow at rate m: S 4,1 is ancestral to S 1 and S 4,2 is ancestral to S 2 . Members of the two subpopulations of S 4 are not reproductively isolated.
Before t 2 , there is a single species S 5 , but the geographic subdivision persists: S 5,1 is ancestral to S 4,1 and S 5,2 is ancestral to both S 4,2 and S 3 . The effective population sizes of both S 5,1 and S 5,2 are N and rate of gene flow between them is m.
This model is the simplest model that results in asymmetry of support for the two non-concordant trees. To minimize the number of free parameters, we assume the same effective subpopulation sizes and the same symmetric migration rates in S 4 and S 5 . The number of parameters can obviously be increased by allowing for different effective sizes and different and unequal migration rates. In Figure 1 , the dashed line in S 5 is intended to indicate subdivision but not relative effective size.
A possible sequence of events consistent with this model is illustrated in Figure 2 .
Initially, there are two subpopulations with restricted gene flow between them. Then S 3 is separated from S 4 by a vicariant event at time t 2 . At t 3 , a second vicariant event divides S 4 into S 1 and S 2 .
Probabilities of coalescence
The gene tree of a single locus can be analyzed with the Markov chain method similar to that used in our previous paper (Slatkin and Pollack 2006) . The goal is to compute the probability that the genealogy of three genes, one sampled from each species, has each of the three possible topologies, denoted by AB, AC and BC. The topology AB is concordant with the species tree and the other two are not.
In S 4 , the ancestry of the genes from A and B can be described by a 5-state coalesced. The non-zero, off-diagonal elements of the transition matrix P (4) are as follows.
where
is the probability of being in state j at time t+1 in the past, given state i at time t in the past. The superscript (4) indicates transitions in species S 4 . The initial state, at t 3 , is 1. At t 2 , the distribution of states is representing the coalescence of B and C, A and C, and A and B. The non-zero, offdiagonal elements of the transition matrix P (5) are as follows
The probability of absorption in states 5, 6, and 7 given states 1-4 initially is g ij (i=1, 2, 3, 4; j=5, 6, 7):
where M=2Nm.
The probabilities of entering each of the three absorbing states that correspond to each of the gene trees depend on the initial conditions at t 2 :
where we define a parameter τ to be the ratio of the internal branch length ( ! t 2 " t 3 ) to the time to the MRCA (t 2 ), thus
Simulations of linked loci
The fact that ancestral subdivision can lead to asymmetry of gene trees suggests that it may have other detectable consequences. In our previous paper (Slatkin and Pollack 2006), we developed a Markov chain model that computes the joint probability of gene trees of a pair of linked sites. Our results can be characterized by a "correlation length," the map distance beyond which gene trees at linked sites are nearly independent.
We found that a single correlation length is sufficient to describe approximately the results for all nine combinations of gene trees (AB to AB, AB to AC, AB to BC, etc.).
The asymmetry of non-concordant trees created by ancestral subdivision might be associated with an asymmetry in correlation length of gene trees. One of the two nonconcordant gene trees might have a longer correlation length than the other, thus providing an additional way to detect ancestral subdivision. To test this possibility, we carried out a simulation study using the program ms (Hudson 2002) . This program simulates the gene genealogies of neutral sites using a coalescent framework. Although an analytic model based on our previous model could be developed for the case of ancestral subdivision, the state space is large enough that the resulting model is cumbersome.
By averaging over a large number of replicates, we estimated the conditional probabilities of various pairs of gene trees. The simulation results for a single locus fit the analytic expectations well (results not shown). To allow comparison of results for different parameter values, we plot all results in terms of a function f, which is the scaled conditional probability of gene trees:
where ρ=4Nr is the recombination rate r scaled by the population size, G is any of the three gene trees (AB, AC, BC) and Pr(G) is the unconditional probability computed from the analytic theory presented in the previous section. The function f is necessarily 1 at ρ=0 and decreases to 0 for large ρ. In keeping with our previous notation ρ* is defined to be the value of ρ for which f=0.05. The question is whether ρ* differs for different pairs of gene trees.
Some typical results are shown in Figure 4 . If the rate of gene flow is very low (2Nm=0.5), the difference in the curves for the two non-concordant trees is apparent.
This conclusion is confirmed by noting the differences in ρ* shown in Table 1 .
Average coalescence times and sequence divergence
Gene trees are not directly observable. Instead, patterns of sequence difference between species are used to infer gene trees. Under an infinite sites model of mutation, average sequence differences are proportional to average coalescence times of pairs of genes, denoted by t AB , t BC , and t AC , for genes drawn from A and B, B and C, and A and C.
These pairwise times are straightforward to calculate using existing theory.
Lineages A and B cannot coalesce until t 3 in the past. Before t 3 , the two lineages are in two populations between which there is gene flow. In the special case we are considering here, there is no change in the rate of gene flow or in the effective population sizes, so the average coalescence time is unaffected by the speciation event at t 2 . The model is equivalent to an island model with two subpopulations in which the lineages are sampled from different subpopulations. In this case, the expected coalescence time is 4N+1/m (Equation (12) of Slatkin (1991) with the number of demes, d in that paper, set to 2). Therefore
Lineages A and C cannot coalesce until t 2 generations in the past. Before t 2 , the same theory applies because at t 2 the two ancestral lineages are different subpopulations.
The same is true for lineages B and C but with the important difference that the ancestral lineages are in the same subpopulation at t 2 . Therefore the average coalescence time is 4N (Slatkin 1991) and
The average pairwise difference in sequence is, under the infinite sites model, the average pairwise coalescence time multiplied by 2µ, where µ is the net mutation rate for the chromosomal segment being considered, i.e. the average per site rate multiplied by the number of sites. Since µ is assumed to be the same in all species, the relative sequence differences are proportional to the pairwise coalescence times. Subtracting Equation (8) from Equation (7) and multiplying the result by 2µ, we obtain
This result is especially convenient because in most cases, the species divergence times and effective population size are unknown.
We can use these results to determine the order of magnitude of the migration rate necessary for ancestral subdivision to account for observed asymmetries in pairwise from Equation (9) is 9147-8617=530. To obtain an estimate of m we have to assume an average mutation rate. Kumar and Subramanian (2002) estimated the average per site rate in mammals to be 2.2x10 -9 . The data are from a region of 964 kb on the X.
Therefore 2µ=2x2.2x10 -9 x9.64x10 5 =4.24x10 -3 and m=4.24x10 -3 /530=8x10 -6 under these simple assumptions. In other words, not only would there have to have been persistent ancestral subdivision but the subdivision would have to have been quite extreme. If the effective size of each subpopulation were 10,000, then 2Nm would have been only 0.16.
We can perform a similar analysis on the Drosophila data of Pollard et al. (2006) .
From the caption of Figure 2A in Both of these analyses are for illustrative purposes only. The model is highly idealized and we have not accounted for sequencing error or other confounding factors.
For the human-chimp-gorilla clade, we ignored the fact that the data from chromosome 7
do not exhibit the same degree of asymmetry. These calculations are intended to show that available observations can be explained with biologically reasonable parameter values.
Discussion and Conclusions
Population subdivision is known to result in a larger than expected variance in coalescence times (Wall 2000; Wall and Hammer 2006) . We show here that population subdivision in ancestral species creates an additional signal, the unequal probabilities of gene trees that are not concordant with species trees and different correlation lengths on the chromosome.
Our model is not intended to be realistic. Instead it is the simplest possible model that illustrates how ancestral subdivision results in asymmetric support of the two gene trees that are not concordant with the species tree. The feature that leads to the asymmetry is the persistence of the subdivision throughout the internal branch of the species tree and into the common ancestor of all three species. Subdivision only in the internal branch or only in the common ancestor is not sufficient. Any more realistic and complicated model would also have to have subdivision that persists beyond speciation events.
Our rough calculations for the two data sets described in the introduction show that substantial population subdivision for a long period of time is necessary to produce the levels of asymmetry observed. Although restricted gene flow for such long times is not impossible on biological grounds, it does not seem likely either. Our analysis is intended to call attention to the consequences of persistent ancestral subdivision rather than to argue for its importance in evolution.
Although unequal support for non-concordant gene trees has been found in hominoids and in Drosophila, it is premature to conclude that these observations indicate ancient subdivision instead of sequencing error. However, the model we propose is plausible and worth considering in other situations as more and higher quality sequence data become available and as analysis of sequence data accounts for sequencing error. . Two_locus simulations using 500,000 replicates were generated using Hudson's (2002) program ms under the demographic model described in Figure 1 across a range of plausible recombination rates. The value of τ =0.2 was used because it is roughly the value for the human-chimp-gorilla clade. Migration was enforced at the speciation event leading to species A and B and persisted at a constant rate back into the common ancestor of all three species. The function f is defined by Equation (5) in the text. Results for both parts were obtained by taking averages of 500,000 replicates of a coalescent simulation, as described in the text. τ=(t 2 -t 3 )/t 2 . In part A, t=0.2; in part B, 2Nm=1. http://mbe.oxfordjournals.org/
